Purpose: Adiponectin, an adipocyte-secreted hormone with insulin-sensitizing effects, has been inversely associated with several hormonally dependent malignancies, including breast, endometrial, and colorectal cancer. Few studies have examined serum adiponectin in relation to prostate cancer, and expression of adiponectin receptors has previously not been assessed in prostate tumors. Experimental Design: We collected plasma samples and covariate data in the context of a case-control study of 300 Greek men, including 75 prostate cancer cases, 75 patients with benign prostatic hyperplasia (BPH), and 150 healthy controls. Prostate tissue samples were taken from 72 cases and 27 noncases and examined for relative expression of adiponectin receptors AdipoR1 and AdipoR2 using immunohistochemistry. Results: Prostate cancer patients had significantly lower plasma adiponectin concentrations as compared with men with BPH and healthy controls (7.4 F 5.0 versus 11.5 F 6.4 and 12.8 F 8.0 ng/mL, respectively). Men in the top two quartiles of adiponectin had a 71% to 73% reduced risk of prostate cancer as compared with men in the lowest quartile after adjusting for age, body mass index, and additional potential confounders. We found no similar relationship between adiponectin and risk of BPH. 
Introduction
Recent epidemiologic evidence indicates an association between serum adiponectin, an endogenous insulin-sensitizing adipocyte-secreted cytokine (1) that has established antiinflammatory and antiatherosclerotic effects (2) (3) (4) (5) , and risk of several cancers independently of classic risk factors. These malignancies include breast (6) (7) (8) and endometrial (9, 10) cancer in women and colorectal cancer (11) in men, but few studies have examined the role of adiponectin in prostate cancer. There is a strong biological basis supporting such an association. Overweight and obesity are established risk factors for several cancers, including prostate (12) , and adiposity also has a well-documented inverse association with plasma concentrations of adiponectin (1) . In addition, adiponectin has been inversely associated with insulin and sex steroid levels (3), both of which have positive associations with risk of hormonally dependent cancers (13) (14) (15) , such as prostate cancer. Specific effects of adiponectin on carcinogenesis may include reduction of reactive oxidative species, inhibition of angiogenesis, and regulation of growth factors that mediate cellular proliferation and apoptosis (16) .
No previous study has examined relative expression of adiponectin or its receptors in prostate cancer tissues. Preliminary data from a small case-control study of prostate cancer patients, patients with benign prostatic hyperplasia (BPH), and healthy subjects found significantly reduced adiponectin concentrations in men with prostate cancer relative to BPH and healthy controls (17) . However, the small size of that study limited the ability to obtain precise risk estimates and adjust for confounding factors. Thus, further research is warranted to confirm the observed association between adiponectin concentrations and risk of prostate cancer, to assess whether this association is independent of confounding variables, and to examine for the first time expression of adiponectin receptors in prostate cancer cells. With this aim, we measured serum adiponectin and obtained covariate data from 300 Greek men in the context of a case-control study, which included 75 prostate cancer cases, 75 patients BPH, and 150 healthy controls. We also took tissue samples from 72 cases, 11 subjects with BPH, and 16 healthy controls to compare expression of adiponectin receptors in malignant and normal tissues. Consistent with previous biological and observational data, we hypothesized that higher adiponectin concentrations would confer a reduced risk of prostate cancer and that tumor tissues would express adiponectin receptors less strongly than prostate tissues from BPH patients and healthy controls.
Materials and Methods
Study Subjects. Over 1 year, we recruited 75 patients with newly diagnosed prostate cancer at the Laiko University Hospital, Athens, Greece. Diagnosis was based on pathohistologic confirmation of prostate cancer in all patients. Patients with previous or present neoplastic disease at any other site, previous prostate cancer, or other major chronic disease were excluded from the study. Five (6.7%) patients had metastases at the time of diagnosis. Follow-up information was available from hospital charts of all patients. BPH and control subjects were recruited among men who were screened at the same clinic using the same diagnostic criteria during the same time period but displayed no evidence of prostate cancer on the basis of clinical examination (PR exam), U/S imaging, and/or biopsy tests. Of the men identified, all agreed to participate in the study.
Serum Measurements. Fasting blood samples were obtained in the morning and immediately centrifuged and stored at À70jC until assaying. Serum concentrations were determined by RIAs (Linco Research, St. Charles, MO) for adiponectin and double-antibody RIAs (Diagnostic Systems Laboratories, Webster, TX) for insulin. For total adiponectin, the intra-assay coefficient of variation was 1.78% to 6.21%, the interassay coefficient of variation was 6.90% to 9.25%, and the sensitivity of the assay was 1 ng/mL. For insulin, the intra-assay coefficient of variation was 4.5% to 8.3%, the interassay was 4.7% to 12.2%, and the sensitivity of the assay was 1.3 AIU/mL. Total testosterone was quantified via Coat-a-Count RIA (Diagnostic Product Corporation, Los Angeles, CA) according to protocol, with sensitivity of 4 ng/dL and interassay coefficient of variation of 5.9% to 12%. Samples were measured in three batches for each assay using the same standards and controls. Medical and technical assistants were blinded with respect to case or control status.
Immunohistochemistry. For localization of AdipoR1 and R2 expression in normal and cancerous tissue, a total of 22 archival formalin-fixed, paraffin-embedded prostate cancer specimens, 11 samples from patients with BPH, and 16 samples from healthy control subjects who also provided serum were available for assessment. Specimens were examined by one of the coinvestigators who was blinded to case or control status and other data of this study. Immunohistochemical staining for AdipoR1 and AdipoR2 was done on 4-Am sections of two representative paraffin blocks from each sample. The deparaffinized sections were pretreated in citrate buffer (pH 6.0) with microwave oven heating for 15 min. Endogenous peroxidase was blocked by exposure of the slides to 3% H 2 O 2 . Sections were incubated overnight at 4jC with a primary rabbit polyclonal antibody against AdipoR1 and AdipoR2 (Phoenix Pharmaceuticals, Inc., Belmont, CA) at 1:40 dilution. The streptavidin-biotin complex method was used with Visualisation Kit LSAB (Dako K0690) and with 3,3 ¶-diaminobenzidine as chromogen. The stain was evaluated and scored according to its intensity separately for the membranous and cytoplasmic distribution in a scale from 0 to +++. For negative control, primary antibody was replaced by PBS.
An additional 56 formalin-fixed paraffin-embedded prostate adenocarcinoma tissue samples from American men were purchased in the form of tissue array slides mounted to standard silanized slides (Imgenex, San Diego, CA). Also available were healthy prostate tissue (nontumor) samples from 11 of the 56 men who contributed tumor tissue. The average age of these patients was 65.4 F 5.2 years. Of the cases, 1 (1.8%) had stage I disease, 12 (21.4%) stage II, 29 (51.8%) stage III, and 13 (23.2%) were stage IV. The 5-Am paraffin sections were deparaffinized, rehydrated, microwaved for 25 min in 10 mmol/L citrate buffer, and incubated for 30 min in methanol containing 0.5% H 2 O 2 . After incubation in 16% normal goat serum for 1 h at room temperature, the slides were incubated for 1 h with the primary antibodies at room temperature. The primary antibodies used were the rabbit anti-human AdipoR1 (raised against amino acid residues 357-375) antiserum and the rabbit anti-human AdipoR2 (raised against amino acid residues 374-386) antiserum (both from Phoenix Pharmaceuticals) used at 1:500 and 1:200 dilutions, respectively. The secondary antibody was a biotinylated antirabbit antibody (1:400 dilution) and was applied for 30 min at room temperature, followed by the Vectastain Elite ABC reagent (Vector Laboratories, Burlingame, CA) for 30 min. The horseradish peroxidase reaction was developed with diaminobenzidine and the slides were counterstained with hematoxylin. Intensity and distribution of positive staining was evaluated on a scale of 0 to +++ by an expert pathologist. Comparison of expression by immunohistochemistry using a m 2 test of proportions between the two samples of prostate cancer cases revealed no systematic differences between the techniques (P = 0.65 for AdipoR1 and P = 0.98 for AdipoR2).
Statistical Analyses. Descriptive characteristics of the prostate cancer cases, patients with BPH, and control subjects are expressed as proportions and mean or median values F SD (or SE). Comparisons between groups were conducted using m 2 tests for categorical variables and one-way ANOVA with Bonferroni corrections for post hoc pairwise comparisons for continuous measures. Log transformations were done on biomarker and hormonal variables before analysis to achieve normal distribution. Comparisons of the original continuous data were repeated using Kruskal-Wallis tests for nonnormally distributed variables, and similar results were obtained (not reported). Spearman correlation coefficients are reported for adiponectin with anthropometric and biochemical measures. Probability of prostate cancer case status by quartile of adiponectin concentration was modeled using simple and multivariate unconditional logistic regression to produce crude and adjusted risk estimates, respectively. Missing values on continuous measures were imputed based on observed values using previously used methods (11) and were modeled as a distinct group for categorical variables. Excluding subjects with missing data from analyses produced similar but less precise results (data not presented). Comparisons of cases and controls on expression of AdipoR1 and AdipoR2 were conducted using m 2 test to assess differences in intensity. A two-sided level of a = 0.05 was used to determine statistical significance of reported associations. All analyses were done using SPSS 11.5 (Texas Instruments, Chicago, IL) and SAS version 8.2 for UNIX (SAS Institute, Cary, NC).
Results
Men with prostate cancer or BPH tended to be older than control subjects (Table 1 ). In addition, prostate cancer cases had significantly lower adiponectin concentrations than healthy control subjects despite also having significantly decreased body mass index (BMI). Cases also had higher prostate-specific antigen compared with subjects with BPH or controls. The three groups were similar with regard to other anthropometric variables and had comparable lipid and metabolic profiles and similar age-standardized testosterone. Among noncase subjects, adiponectin was positively correlated with highdensity lipoprotein (r = 0.23, P < 0.01) and was negatively associated with BMI (r = À0.14, P = 0.05) and triglycerides (r = À0.23, P < 0.01). Adiponectin was not significantly associated with age (r = 0.09, P = 0.22) for subjects without prostate cancer. Correlations were very similar among cases with respect to age and BMI.
We then examined risk of prostate cancer by quartile of adiponectin concentration (Table 2 ). In analyses adjusted only for age, men in the top two quartiles of adiponectin had a 69% to 73% reduced risk of prostate cancer as compared with men in the lowest quartile of adiponectin concentration (odds ratio, 0.27, for quartile 3 versus quartile 1; 0.31, for quartile 4 versus quartile 1; P = 0.03). Multivariate adjustment for BMI, smoking status, alcohol use, insulin, and testosterone strengthened the observed reduction in risk, with a 71% to 73% reduced odds of prostate cancer for men with adiponectin concentrations above the median level relative to the bottom quartile. Adjusting further for lipids, triglycerides, or prostate-specific antigen did not substantially influence reported associations (not shown). We found no significant association between quartile of adiponectin and risk of BPH (Table 2) . Adiponectin was significantly and inversely associated with stage of disease (P = 0.03) but did not correlate with disease grade (P = 0.50). Excluding patients with metastatic disease (n = 5) did not materially alter the relationship between adiponectin concentration and prostate cancer risk (data not shown).
Immunohistochemical staining shows that AdipoR1 and AdipoR2 may be expressed in both prostate tumor and healthy tissues (Fig. 1) . Tumor tissues were less likely to show strong expression of either AdipoR1 (29%) as compared with prostate tissues from subjects who had BPH or were healthy, which displayed strong expression in 62% for AdipoR1 (P = 0.02). In addition, case tumor tissues were marginally more likely to show no or marginal expression of AdipoR2 (21%) as compared with tissues from BPH and control subjects (9%; P = 0.09; Table 3 ). The available nontumor prostate tissues from 11 of the cases positively expressed AdipoR1 in all samples, but AdipoR2 was expressed in only 55% of tissues. Age and prostate-specific antigen of the cases did not differ by level of expression for either AdipoR1 or AdipoR2 (Table 4) . There was a trend toward increased expression of AdipoR1, but not AdipoR2, with high-grade disease (P = 0.07); however, stage of disease was not significantly associated with expression of either receptor (Table 4) . Neither AdipoR1 nor AdipoR2 expression was different between tumor and healthy tissue in cases, but the numbers were too small to make firm conclusions.
Discussion
Although recent studies have examined the role of adiponectin as a molecular mediator of carcinogenesis in several hormonally dependent cancers (6-11), limited research has been conducted in relation to prostate cancer. As has been previously shown in breast, endometrial, and colorectal cancers, the results of this case-control study of 300 Greek men indicate a significantly reduced risk of prostate cancer with higher plasma adiponectin concentrations. Maximal benefit occurred at levels above the median range, with no additional risk reduction observed in men in the highest quartile of adiponectin over men in the second highest quartile. Similarly, men in the second lowest quartile of adiponectin concentration had comparable risk of prostate cancer as those in the bottom quartile, suggesting a cut point value of adiponectin around the median (8.7 ng/mL in our study population) above which risk of prostate cancer is reduced and below which it is elevated. We found a decrease in prostate cancer risk of f73% for men with higher adiponectin levels but detected no similar association between adiponectin level and BPH, suggesting that the relationship between adiponectin and prostate cancer is specific to this disease. Immunohistochemistry experiments indicate that expression of adiponectin receptors AdipoR1 and AdipoR2 is reduced in tissues from prostate cancer cases as compared with tissues from BPH and control subjects. These results support a potential role of adiponectin in the carcinogenesis of prostate cancer, but more studies are needed to elucidate whether the adiponectin may act directly on prostate cancer cells and/or indirectly by causing changes in circulating androgen and other hormone levels (16) . To date, only two observational studies have examined adiponectin in relation to prostate cancer. Our results confirm findings of reduced adiponectin concentrations in prostate cancer from a smaller study (17) of 30 cases, 41 BPH subjects, and 41 healthy controls, and extend them by using a larger sample size in the case-control design to provide an estimate of the risk of prostate cancer associated with adiponectin and permitting statistical adjustment for the potential confounding effects of age, BMI, lifestyle factors, and hormonal variables. Results from a separate correlational study of 236 men having radical prostatectomy (18) found a negative association between adiponectin and grade of disease in overweight and obese subjects but not normal weight subjects, which is in line with another previous study reporting association between obesity and accelerated disease progression (19) . In our sample of primarily overweight patients (65%), we found a significant inverse association between adiponectin and stage but not grade of disease. The results of these prior studies combined with our data suggest that adiponectin may play a role in prostate cancer development, but whether this role relates more closely to advanced disease or accelerated progression and whether the effect differs by level of adiposity need to be clarified by further research. Previous experimental work examining adiponectin receptors by Western blot analysis has shown expression of AdipoR1 and AdipoR2 in several prostate cancer cell lines (20) . Results from our immunohistochemical analysis show not only that AdipoR1 and AdipoR2 may be expressed in prostate cancer tissue, which is consistent with Table 3 . Negative or marginal (0 or +/À), positive (+), and strong positive (++ or +++) expression of AdipoR1 and AdipoR2 in case tumor tissue samples (n = 72), case nontumor tissues (n = 11), and healthy tissues from BPH and control subjects (n = 27) as determined by immunohistochemistry previous in vitro results, but also that expression of adiponectin receptors in prostate cancer patients is reduced in relation to subjects without cancer. These data, combined with our serum adiponectin findings and previous study results, suggest that adiponectin and adiponectin receptors may have functional relevance in prostate cancer.
Other recent studies have shown potential mechanisms by which adiponectin may protect against prostate and other cancers. It has been suggested that, through its well-accepted insulin sensitizing effects, adiponectin has the potential to inhibit the progression of existent prostate cancer (18), but whether it has an effect on initiation of carcinogenesis has yet to be definitively established. Evidence suggests that adiponectin may prevent carcinogenesis via inhibition of neovascularization through the suppression of cellular proliferation, migration, and survival of endothelial cells (21) . In addition to its effects on angiogenesis, adiponectin has also been shown to suppress growth and induce apoptosis in myelomonocyte leukemia cell lines (2) and androgendependent breast cancer cell lines (22) . Whereas there was no evidence of induction of apoptosis, adiponectin was found to inhibit cellular proliferation of both androgen-dependent (LNCaP-FGC) and androgen-independent (DU145 and PC-3) prostate cancer cell lines (20) . Additional research has shown that adiponectin mediates c-jun NH 2 -terminal kinase and signal transducer and activator of transcription-3 signaling pathways in prostate cancer cell lines (23) . Activation of c-jun NH 2 -terminal kinase and suppression of signal transducer and activator of transcription-3 in DU145, PC-3, and LNCaP-FGC prostate cancer cells by adiponectin represent another mechanism by which adiponectin may have a direct effect on prostate cancer pathophysiology. These experimental results provide possible biological explanations of the observational association between adiponectin concentrations and prostate cancer risk.
High molecular weight adiponectin, but not other forms (full-length or globular), has been found to inhibit dehydrotestosterone-, leptin-, and insulin-like growth factor I -stimulated cell growth, as well as prostate cancer cell growth, and also enhanced the cell growth -inhibiting action of doxorubicin. In addition, it has been shown that testosterone decreases adiponectin and high molecular weight adiponectin in particular (24) ; however, in our study, we found no significant differences in age-standardized testosterone level between cases and controls. Thus, the low adiponectin levels observed in prostate cancer patients are not likely due to high testosterone, and adjusting for testosterone in multivariate analyses did not influence risk estimates. Another possible factor associated with the reduced adiponectin observed in prostate cancer cases may be altered fatty acid synthase and lipid metabolism, which has previously been observed in cancer patients (25) . Adiponectin promotes fatty acid oxidation and circulating adiponectin correlates inversely with triglycerides and free fatty acid levels (26) . Thus, it is possible that decreased adiponectin levels could result in increased fatty acid levels, which in turn could influence both apoptosis and proliferation of cancer cells. Dietary factors, such as intake of fats and cholesterol, could also, in part, mediate both adiponectin and lipid profile and may have influenced prostate cancer risk. We have previously shown that adiponectin is associated inversely with dietary glycemic load (27) and directly with adherence to a Mediterranean-pattern diet (28) , but because in this study we did not conduct a dietary assessment, we could not determine whether nutritional factors may have played a role in the association between adiponectin and prostate cancer. However, because the relationship persisted adjustment for lipids, including triglycerides, the results of our study support a direct biological link between adiponectin and prostate cancer above and beyond its potential association with serum lipids. These findings suggest that more than one of the above mechanisms underline the association between adiponectin and prostate cancer, and whether diet may play a role in this relationship remains to be determined by future studies.
The observational nature of our study introduces some limitations. The cross-sectional design precludes establishment of a causal mechanism between adiponectin concentrations and development of prostate cancer. Prospective cohort studies are required to more fully explore this relationship. In addition, our case-control study was unmatched, necessitating reliance on statistical adjustment to control for differences in age, BMI, and other potential confounders in the relationship between adiponectin and prostate cancer. Adiponectin levels were lower in prostate cancer cases than controls, despite the lower mean BMI of cases, indicating that the association between adiponectin and prostate cancer is independent of overall adiposity. Further confirming our data, the correlation between adiponectin and BMI was negative, as expected, when cases and noncases were analyzed separately. However, adiponectin has been shown to correlate more closely with central than overall obesity (3), and future studies should measure waist-to-hip ratio to determine any effect of additional confounding by central obesity. In addition, groups also differed by age, and whereas we used appropriate multivariate techniques to account for these variations, future case-control investigations should consider using a matched design. As with all studies, there is potential for inaccuracies in the measurement of covariate data, but such random misclassification could only attenuate reported associations, resulting in an underestimate of the true association. Despite the confines of the design of our study, it is the first, to our knowledge, to have adequate sample size and information on potential confounders to allow for the estimation of risk of prostate cancer by level of adiponectin adjusted for known risk factors. We have also made the novel observation that adiponectin receptors AdipoR1 and AdipoR2 are expressed less strongly in prostate cancer tissues as compared with prostate samples from men without the disease. Although case tissue samples came from two populations (Greek and U.S.), our data showed no evidence of differential expression of adiponectin receptors between the groups and each showed weaker expression relative to BPH and control subjects. These data suggest that adiponectin plays a role in prostate cancer pathophysiology, but whether adiponectin has a direct effect on prostate cancer cells, in addition to potential indirect effects through altering endocrine profile, and whether reduced expression of adiponectin receptors in prostate cancer tissue is involved in the potential underlying mechanism remain to be studied by future prospective and experimental studies.
In summary, we show that higher plasma adiponectin concentrations are associated with a reduced risk of prostate cancer in this population of Greek men and that expression of adiponectin receptors is present, although reduced, in cancerous prostate tissue. These results suggest that adiponectin may be involved in the development of prostate cancer.
